We study the effects of strong magnetic fields on antikaon condensation in neutron star matter using the quark-meson coupling (QMC) model. The QMC model describes a nuclear many-body system as nonoverlapping MIT bags in which quarks interact through the self-consistent exchange of scalar and vector mesons in the mean-field approximation. It is found that the presence of strong magnetic fields alters the threshold density of antikaon condensation significantly. The onset of K − condensation stronger depends on the magnetic field strength, and it even shifts beyond the threshold ofK 0 condensation for sufficiently strong magnetic fields. In the presence of strong magnetic fields, the equation of state (EOS) becomes stiffer in comparison with the field-free case.
I. INTRODUCTION
The study of dense stellar matter in the presence of strong magnetic fields is of great interest in nuclear astrophysics. Observations of ordinary radio pulsars indicate that they possess surface magnetic fields of the order of 10 12 G [1] . Recent surveys of soft-gamma repeaters (SGRs) and anomalous X-ray pulsars (AXPs) imply that the surface magnetic field of young neutron stars could be of order 10 14 -10 15 G [2] . The magnetic field strength may vary significantly from the surface to the center in neutron stars. So far, there is no direct observational evidence for the internal magnetic fields of the star, while it may reach 10 18 G, as estimated in some theoretical works [3, 4, 5] . Motivated by a possible existence of strong magnetic fields in neutron stars, theoretical studies on the effects of extremely large fields on dense matter have been carried out by many authors [1, 3, 5, 6, 7, 8] , and the inclusion of hyperons and boson condensation has also been investigated [9, 10, 11] . There have been some works that investigate the effects of strong magnetic fields on neutron star properties [4, 5] . In Ref. [4] , the authors studied static neutron stars with poloidal magnetic fields and a simple class of electric current distributions, and they found that the maximum mass among these static configurations with magnetic fields is noticeably larger than the maximum mass attainable with uniform rotation and no magnetic field. In Ref. [5] , the authors assumed the magnetic field varies from the surface to the center in neutron stars, and they found that the maximum mass of neutron stars could substantially increase if the strongest possible magnetic fields existed in the center of neutron stars.
It is believed that the density in the interior of neutron stars is extremely high, and additional degrees of freedom such as hyperons, kaons, and even quarks may occur in the core of neutron stars [12, 13, 14, 15] . Recently, much attention has been paid to the kaon/antikaon condensations based on various models [16, 17, 18, 19, 20, 21, 22] . In general, the presence of antikaon condensation tends to soften the equation of state (EOS) at high density and lower the maximum mass of neutron stars. It is interesting to investigate the influence of strong magnetic fields on antikaon condensation. In Ref. [11] , the condensation of negatively charged K − under the influence of strong magnetic fields has been studied within a relativistic mean-field (RMF) model. It was found that the threshold of K − condensation shifts to higher density in the presence of strong magnetic fields and the EOS becomes stiffer. These qualitative features are expected to persist in other models.
In this article, we study the effects of strong magnetic fields on the condensations of negatively charged K − and neutralK 0 in neutron star matter using the quark-meson coupling (QMC) model. The QMC model was originally proposed in the article by Guichon [23] , in which the quark degrees of freedom are explicitly taken into account and a nuclear manybody system is described as a collection of nonoverlapping MIT bags interacting through the self-consistent exchange of meson mean fields. The QMC model has been extended and applied to various problems of nuclear matter and finite nuclei with reasonable success [24, 25, 26, 27] . Furthermore, the model has also been used to investigate the properties of neutron stars with the inclusion of hyperons, quarks, and K − condensation [14, 15, 22] .
In the present work, both nucleons and antikaons are described as MIT bags that interact through the self-consistent exchange of isoscalar scalar and vector mesons (σ and ω) and isovector vector meson (ρ) in the mean-field approximation. These exchanged mesons couple directly to the confined quarks inside the bags. In contrast to the RMF model, the quark structure plays a crucial role in the QMC model, and the basic coupling constants are defined at the quark level. In Ref. [28] , the in-medium kaon and antikaon properties have been studied in the QMC model. In Ref. [22] , the consequences of including K − condensation on the EOS of neutron star matter and related compact star properties have been investigated using the QMC model. Next, we examine the effects of strong magnetic fields on K − and K 0 condensations occurring in neutron star matter within the QMC model.
The aim of the present article is to investigate the influence of strong magnetic fields on antikaon condensation that may occur in the core of massive stars. For antikaon condensation in the field-free case, there have been many discussions in the literature after the paper by Kaplan and Nelson [29] who pointed out the possibility of the existence of K − condensation in dense nuclear matter. In general, the chemical potential of antikaons in dense matter decreases with increasing density due to their interaction with nucleons. As a consequence, the ground state of hadronic matter at high density might contain antikaon condensation. The appearance of antikaon condensation can soften the EOS of neutron star matter and lower the maximum mass of neutron stars [16, 22] . However, it is known that the surface magnetic field of young neutron stars can be of order 10 14 -10 15 G [2] , whereas the internal magnetic fields of the star may reach 10 18 G, as estimated in some theoretical works [3, 4, 5] . The possible existence of strong magnetic fields in neutron stars motivates us to study the effects of extremely strong magnetic fields on dense matter. It has been found that the composition and the EOS of neutron star matter can be significantly affected by strong magnetic fields [3, 7, 8] , while the maximum mass of neutron stars might substantially increase if the strongest possible magnetic fields existed in the center of neutron stars [4, 5] .
Because antikaon condensation can be important in the understanding of neutron stars, an investigation of the influence of strong magnetic fields on antikaon condensation would be of interest for the study of compact stars in astrophysics.
This article is arranged as follows. In Sec. II, we briefly describe the QMC model for neutron star matter with antikaon condensation in the presence of strong magnetic fields. In
Sec. III, we show and discuss the numerical results in the QMC model and make a systematic comparison with the results of the RMF model. Section IV is devoted to a summary.
II. FORMALISM
We adopt the QMC model to describe neutron star matter with antikaon condensation in the presence of strong magnetic fields. In the QMC model, nucleons and antikaons are described as MIT bags that interact through the self-consistent exchange of isoscalar scalar and vector mesons (σ and ω) and isovector vector meson (ρ) in the mean-field approximation.
To perform the calculation for neutron star matter in the presence of strong magnetic fields, we first study the properties of nucleons and antikaons under the influence of external meson and electromagnetic fields using the MIT bag model. These external fields are in principle functions of position in the bag, which may cause a deformation of the bag. For simplicity, we neglect the spatial variation of the fields over the small bag volume and take the values at the center of the bag as their average quantities [24] . We note that the spherical bag approximation may be violated in a superstrong magnetic field where the deformation of the bag can be significant.
For nucleons described as spherical MIT bags with external meson and electromagnetic fields, the up and down quarks inside the bag satisfy the Dirac equation
where g The normalized ground state for a quark in the bag is given by
where
with Ω q = x 2 q + (R N m * q ) 2 and m * q = m q + g q σ σ. R N is the bag radius of the nucleon, and χ q is the quark spinor. The boundary condition, j 0 (x q ) = β q j 1 (x q ), at the bag surface determines the eigenvalue x q . The energy of a static nucleon bag consisting of three groundstate quarks is then given by
where the parameter Z N accounts for various corrections including zero-point motion and B N is the bag constant. The effective nucleon mass is then taken to be
The bag radius R N is determined by the equilibrium condition ∂M * N /∂R N = 0. In the present calculation, we take the current quark mass m q = 5.5 MeV. The parameter B For antikaons, negatively charged K − and neutralK 0 , we assume that they are described as MIT bags in the same way as nucleons [22, 28] . The exchanged σ, ω, and ρ mesons are assumed to couple exclusively to the up and down quarks (and antiquarks), not to the strange quark according to the Okubo-Zweig-Iizuka (OZI) rule [22] . Hence the antiquarks, u in K − andd inK 0 , and the s quarks satisfy the Dirac equations
and
Similarly, the effective mass of antikaons and kaons is given by
We take the strange quark mass m s = 150 MeV and the bag constant B K = B N . The parameters Z K = 3.362 and R K = 0.457 fm, as given in Ref. [22] , are determined from the kaon mass and the stability condition in free space.
To describe neutron star matter with antikaon condensation in the presence of strong magnetic fields, we adopt the total Lagrangian density written at the hadron level as the sum of nucleonic, kaonic, and leptonic parts,
Here A µ = (0, 0, Bx, 0) refers to a constant external magnetic field B along the z axis.
The effective masses M * N and m * K in Eqs. (6) and (9) are obtained at the quark level. The covariant derivative is defined as
We note that the electric charges of particles are q e = q µ = q K − = −e, q n = qK0 = 0, and q p = e. The In the mean-field approximation, the meson field equations in the presence of antikaon condensation and strong magnetic fields have the following forms:
The Dirac equations for nucleons and leptons are given by
The energy spectra for protons, neutrons, and leptons (electrons and muons) are given by
where ν = n + 1/2 − sgn (q i ) s/2 = 0, 1, 2, . . . enumerates the Landau levels of the fermion i with electric charge q i (i = p, e, or µ). The quantum number s is +1 for spin up and −1 for spin down cases. The expressions of scalar and vector densities for protons and neutrons are given by
where k p f,ν,s and k n f,s are the Fermi momenta of protons and neutrons, which are related to the Fermi energies E p f and E n f as
The chemical potentials of nucleons and leptons are given by
The equation of motion for antikaonsK ≡ K − ,K 0 in neutron star matter with magnetic fields can be explicitly written as
and the energy spectra are obtained as
For s-wave condensation of negatively charged K − and neutralK 0 , we have the chemical
The number densities of antikaons are given by
For neutron star matter with uniform distributions, the composition of matter is determined by the requirements of charge neutrality and β-equilibrium conditions. In the present calculation with antikaon condensation, the β-equilibrium conditions are expressed by
and the charge neutrality condition is given by
with ρ p v and ρ K − given in Eqs. (23) and (36) . The vector density of leptons has a similar expression to that of protons
We solve the coupled Eqs. (14)- (16) and (38)- (40) self-consistently at a given baryon density,
, in the presence of antikaon condensation and strong magnetic fields. The total energy density of neutron star matter is given by
where the energy densities of nucleons, antikaons, and leptons have the following forms:
The antikaons do not contribute directly to the pressure because they are in the s-wave condensation. The pressure of the system can be obtained by
We note that the contribution from electromagnetic fields to the energy density and pressure,
, is not taken into account in the present calculation. In general, the strong magnetic fields in neutron stars can produce magnetic forces that play an important role in determining the structure of the star [4] .
III.
RESULTS AND DISCUSSION
In this section, we analyze the properties of neutron star matter with antikaon condensation in the presence of strong magnetic fields using the QMC model. The effective masses of nucleons and kaons in the QMC model are obtained self-consistently at the quark level, which is the main difference from the RMF model [30] . To show how the results depend on the models based on different degrees of freedom, we make a systematic comparison between the QMC model and the RMF model with the TM1 parameter set [31] . As a nonlinear version of the RMF model, the TM1 model has been widely used in many studies of nuclear physics [11, 32, 33, 34, 35] . The TM1 model includes nonlinear terms for both σ and ω mesons, and its parameters were determined by reproducing the properties of nuclear matter and finite nuclei including neutron-rich nuclei [31] . It has be pointed in Refs. [16, 17] that antikaon condensation in the RMF models is quite sensitive to the antikaon optical potential at normal nuclear matter density, UK (ρ 0 ) = g σK σ − g ωK ω 0 . In the QMC model, the antikaon optical potential is given by UK = m *
, and we obtain UK (ρ 0 ) = −123 MeV with the parameters used in the present study, which agrees with the result given in Ref. [22] . We note that the basic coupling constants in the QMC model are defined at the quark level. Therefore, UK (ρ 0 ) is a predicted value with determined g q σ and g q ω . However, UK (ρ 0 ) in the RMF model is usually taken to be in a range and used to determine the kaon-meson couplings. Here we take g ωK = g ωN /3 and g σK = 0.926 in the TM1 model, which is determined by fitting UK (ρ 0 ) = −123 MeV obtained in the QMC model, so the comparison between the QMC and TM1 models is more meaningful. It is well known that the direct URCA process produces the most powerful neutrino emission in the core of neutron star and leads to rapid cooling of the star. In the QMC model at B = 0, the direct URCA process occurs at the critical density ρ URCA ≈ 0.29 fm In Ref. [36] , the authors performed relativistic calculations of axisymmetric neutron star.
They found that the maximum allowable poloidal magnetic field is of the order of 10 18 G when the magnetic pressure is comparable to the fluid pressure at the center of the star. In
Ref. [4] , the authors studied static neutron stars with poloidal magnetic fields and a simple class of electric current distributions, and they obtained that the maximum magnetic field strengths at the center of neutron stars could be as large as about 5 × 10 18 G.
We show in Fig. 1 as discussed in Ref. [16] . The feature is changed in the presence of strong magnetic fields, and we get E In Fig. 6 , we show the matter pressure P as a function of the matter energy density ε for the magnetic field strengths B * = 0, 10 5 , and 10 6 . The results with and withoutK condensation are plotted in the right and left panels, respectively. It is seen that the presence ofK condensation makes the EOS softer compared with the case withoutK condensation.
The softening of the EOS becomes less pronounced with increasing magnetic field for B * > 10 5 . This is because the threshold of antikaon condensation shifts to higher density and the effect of antikaon condensation on the EOS gets weaker with increasing B * . At higher densities, the influence of strong magnetic fields on the EOS becomes noticeable as the field strength increases above B * ∼ 10 5 . Here we include the anomalous magnetic moments of nucleons, which play an important role in the study of neutron star matter with strong magnetic fields as discussed in our previous work [8] . The results of the QMC model in the upper panels are compared with those of the TM1 model in the lower panels. The EOS in the QMC model is slightly softer than the one in the TM1 model.
IV. SUMMARY
In this article, we have studied the effects of strong magnetic fields on antikaon condensation in neutron star matter using the QMC model. Nucleons and antikaons in the 
